Changes in the Baiu frontal activity in the future climate are examined, making use of super-highresolution global and cloud-resolving regional climate models (20-km-mesh AGCM and 5-km-mesh NHM). In the present study, the focus is on the lengthened duration of the Baiu, and the characteristics of the precipitation during the Baiu season in the future climate.
Introduction
Climate changes resulting from the increase of greenhouse gas concentrations in the atmosphere (e.g., CO 2 , CH 4 , O 3 , and N 2 O) have been recognized as critical factors, which seriously affect human life. For several decades, possible climate changes have been investigated and discussed on global scales. Although globalscale climate changes are of universal importance, climate changes due to the increase of greenhouse gas concentrations also have smallscale aspects, which are strongly connected with serious disasters, and directly affect living circumstances over a limited area. Regionalscale climate is likely to undergo drastic changes, even when the global-scale climate changes only slightly. Therefore, detailed information of the climate change over a limited area (e.g., occurrences of severe phenomena such as heavy rainfall and wind gusts, changes in the hydrological cycle, drains on water resources, frequencies of abnormally warm/cold weather, and so on), is of great importance.
General circulation models (GCMs) use coarse horizontal resolutions of a few hundred kilometers for climate simulations. While a GCM, with a grid interval of a few hundred kilometers can resolve synoptic-scale disturbances, meso-scale disturbances, which are equally important to the regional climate, cannot be resolved. Therefore, numerical models with a 20-100-km grid-spacing, covering only a limited area of interest, have been used to simulate a regional climate (e.g., Giorgi et al. 1994; Jones et al. 1995 Jones et al. , 1997 Hong et al. 1999; Kanae et al. 2001; Nobre et al. 2001; Hong and Kalney 2002; Mabuchi et al. 2002) . Such regional climate models (RCMs), however, are still insufficient to examine regional climate changes, since the horizontal scales of severe phenomena are smaller than 20-100 km. Moreover, hydrostatic balance, which is generally assumed in most GCMs or RCMs, cannot be used in the simulations of severe phenomena, with a horizontal grid of less than 10 km (e.g., Kato 1997) . Accordingly, a nonhydrostatic model with a high resolution of several kilometers, is necessary to conduct a detailed investigation of a regional climate.
In order to predict changes in severe weather activities over East Asia, due to the increase of greenhouse gas concentrations in the atmosphere, super-high-resolution global and cloudresolving regional climate models have been developed since 2002, by the Meteorological Research Institute (MRI), and the Numerical Prediction Division, Japan Meteorological Agency (JMA). They are a 20-km-mesh atmospheric global climate model (AGCM), and a 5-km-mesh regional climate non-hydrostatic model (NHM) . Making use of the AGCM and NHM, some numerical experiments are performed. First, 10-year global-scale simulations of the present and future climates are conducted by the 20-km-mesh AGCM. Second, regional climate simulations are conducted by the 5-km-mesh NHM, without convective parameterization in a one-way nesting manner, using the outputs of the AGCM as the initial and lateral boundaries. The purpose of the simulations by the NHM, is to examine the small-scale response to large-scale conditions (downscaling), simulated by the 20-km-mesh AGCM.
In East Asia, the summer monsoon starts from the south in May, extends to the north, and ends late in July. The monsoon circulation forms a wide rain /cloud zone with a quasistationary front, oriented in the east-west direction (from the China continent, to the Japan Islands), and a fair amount of rainfall falls in this season (Ninomiya and Murakami 1987; Tao and Chen 1987) . The monsoon rainfall over East Asia is called the Baiu in Japan, Mei-yu in China, and Changma in Korea. From the point of view of water resources or natural disasters, it is especially important to examine how the position of the Baiu frontal zone, and the intensity of precipitation are altered, when greenhouse gas concentrations in the atmosphere steadily increase. Kusunoki et al. (2005) showed that the Baiu season continues even in August in the future climate. It was also indicated that, in the future climate, both moisture flux over the Indian summer monsoon region, and anticyclonic moisture transport over East Asia are intensified. The former is caused by the increase of water vapor, and the latter results from the change of the wind field. , presented that the precipitation during the Baiu season increases over the southern Japan Islands, and decreases over the northern Japan Islands and the northern Korean Pen-insula in the future climate. Additionally, it was pointed out that the frequency of occurrence of heavy rainfall greater than 30 mm h À1 , pronouncedly increases over the Japan Islands. The above studies serve to raise the following questions:
(1) Why is the Baiu season lengthened in the future climate? (2) Is the position of the Baiu front simply altered, or are the total rainfall amounts over East Asia also changed? (3) Does the increase of heavy rainfall events result from the longer duration of the Baiu period, or from changes in characteristics of the precipitation over East Asia?
Therefore, the present study focuses on the lengthened duration of the Baiu, and the characteristics of the precipitation during the Baiu season in the future climate, using the outputs of the 20-km-mesh AGCM, and 5-km-mesh NHM. The Baiu duration, and the position of the Baiu front, are mainly controlled by largescale motions. Accordingly, their changes are investigated by the outputs of the AGCM. On the other hand, the characteristics of precipitation are examined by the outputs of the NHM, because hydrostatic balance cannot be used in simulations of severe phenomena like the heavy rainfall. The precipitation in June and July is brought by Baiu fronts, as well as synopticscale disturbances, or typhoons. However, it is impossible to precisely classify precipitation into several types, because synoptic-scale disturbances or typhoons, are deeply connected to Baiu frontal activity. Therefore, it is simply assumed that the Baiu frontal activity produces all precipitation in the following months.
In Section 2, the AGCM and NHM are briefly described. Experimental designs are presented in Section 3. The Baiu duration, the position of the Baiu front, and the characteristics of the precipitation over East Asia are examined in Section 4. A summary of the conclusions is presented in Section 5.
The Baiu front is strongly affected by the Asian summer monsoon circulation through the moisture supply to East Asia (Ninomiya and Kobayashi 1999). There are many studies which projected changes of the Asian summer monsoon in the future climate by using GCMs. Kitoh et al. (1997) demonstrated a significant increase of the Indian monsoon rainfall, due to larger moisture content in the warmer troposphere, associated with increased greenhouse gas concentrations. Hu et al. (2000) showed that increases of green house gas concentrations intensify the Asian summer monsoon and its variability, through an enhanced land-sea contrast and a northward shift of the convergence zone. Ashrit et al. (2003) projected the increase in monsoon precipitation over India and the northward shift of westerly monsoon flow, and deduced that the enhanced precipitation would be due to a large increase in precipitable water over India. According to May (2004) , the timeslice experiment predicts an intensification of the mean rainfall, associated with the Indian summer monsoon due to general warming, while the future changes in the large-scale flow indicate a weakening of the monsoon circulation in the upper troposphere, and only little change in the lower troposphere. In appendix A, changes of the Asian summer monsoon circulation in the future climate are briefly presented, in order to compare our results with those obtained in the previous works.
Model descriptions

Global climate model
The AGCM utilized in the present study is an earlier version of the next generation of the global atmospheric model of JMA. The MRI and JMA have been in collaboration to develop this model, for both climate simulations and weather predictions.
The dynamical framework was originally designed by Kanamitsu et al. (1983) . The vertical coordinate is a sigma-pressure hybrid coordinate. The spectrum method using spherical harmonics is employed. A new quasiconservative semi-Lagrangian scheme is introduced for the calculation of advection terms. A much longer time step can be used in the semi-Lagrangian scheme than in a conventional Eulerian scheme, enabling more efficient calculations. The prognostic variables of vorticity and divergence, are altered to longitudinal and latitudinal wind vector components, with the introduction of the semi-Lagrangian scheme (Ritchie et al. 1995) . The cumulus convection scheme proposed by Arakawa and Schubert (1974) is implemented. The level 2 turbulence closure scheme of Mellor and Ya-mada (1974) is used to represent the vertical diffusion of momentum, heat and moisture. An orographic gravity-wave drag scheme, developed by is utilized. The radiation and land-surface schemes developed for the climate model of the MRI are introduced. These schemes are based on MRI/JMA98 GCM (Shibata et al. 1999) . Further information on the AGCM can be found in Mizuta et al. (2005) .
Regional climate model
A nonhydrostatic model (NHM) employed as a regional climate model, is based on a model developed by the JMA (JMA-NHM). The NHM has been utilized for short-term predictions and climate simulations, and good model performances have been confirmed, especially for the forecast of heavy rainfall (Saito et al. 2001; Wakazuki et al. 2004) .
For the basic equations, the fully compressible equations in a terrain following coordinates on a Lambert Conformal projection map are employed. The model treats sound waves implicitly in the vertical direction, and explicitly in the horizontal direction (the HE-VI scheme). A modified second-order centereddifference advection scheme, and a leap-flog time-differential scheme are used.
The prognostic variables are the horizontal mass fluxes ðu; vÞ, vertical mass flux ðwÞ, potential temperature ðyÞ, pressure ð pÞ, turbulent kinetic energy ðeÞ, mixing ratios of water substances (water vapor, cloud water, rainwater, cloud ice, snow, and graupel), and number densities of the condensates (Murakami 1990; Hashimoto et al. 2004 ). The level-2.5 closure model (Deardorff 1972 (Deardorff , 1980 ) is applied to represent vertical turbulent diffusion. The radiation and land-surface schemes are based on Sugi et al. (1990) and Segami et al. (1989) , respectively. Further information on the NHM can be found in Saito et al. (2001) .
Experimental design
Global climate model
Simulations by the AGCM are performed at a horizontal spectral truncation of TL959, in which the transform grid uses 1920 Â 960 grid cells, corresponding to a grid-spacing of 20 km. The model has 60 levels in the vertical, with the model top at 0.1 hPa. Clouds are prognostically determined in a similar fashion to that of Smith (1990) .
In order to simulate the present climate simulation, time integration over 10 years is carried out, with a resolution of TL959L60, after a spin-up with slight parameter changes for 5 and a half years. Since the models treat only atmospheric parts in detail, the monthly mean climatological sea surface temperature (SST) and sea ice concentration, averaged from November 1981 to December 1993, which were compiled by Reynolds and Smith (1994) , are used. The SST distributions are assumed to have a seasonal variation, but no year-to-year variation. The initial fields are obtained from the global objective analysis of the JMA on July 9, 2002.
In order to predict possible climate changes by the increase of greenhouse gas concentrations, time integration over 10 years is also carried out, with a resolution of TL959L60. It is assumed that the global changes of CO 2 emission follow the Intergovernmental Panel on Climate Change (IPCC) SRES A1B emission scenario (IPCC 2000) , in which the concentration of CO 2 increases about twice around 2080-2099. In order to obtain the SST utilized as the lower boundary condition in the future climate simulation by the 20-km-mesh AGCM, present and future climate simulations are conducted by an atmosphere-ocean-coupled model, with a horizontal grid size of about 270 km , and the SST difference between the simulated present and future climates is added to the climatological SST. Further information about the experimental designs is found in Mizuta et al. (2005) . Figure 1 shows maps of the SST difference between the present and future climates. In the future climate, the SST is higher than in the present climate, especially over the equator, East Asia, and the Arctic. Moreover, it should be noted that the patterns of the SST difference are similar to the anomaly patterns in El Niñ o.
Regional climate model
The horizontal grid size of the regional climate model is 5 km, and the domain covers an area of 4000 km Â 3000 km (Fig. 2) . The model has 48 layers in the stretched vertical, with the finest grid-spacing (40 m) near the surface, and the coarsest grid-spacing (920 m) at the model top. Rayleigh damping is imposed near the upper boundary. Although a horizontal grid of 5 km cannot fully resolve convective updrafts, the NHM, with a horizontal grid of 5 km, has successfully reproduced many heavy rainfall events, making use of only a cloud microphysical scheme (e.g., Kato 1998; Kato and Goda 2001) . Therefore, no convective parameterization is used in the present study. The initial and lateral boundary conditions of the regional climate model are obtained from the outputs of the simulation by the AGCM. In order to couple the AGCM and NHM smoothly, it is necessary to reduce the horizontal phase differences of propagating large-scale cyclones between both models. Therefore, a spectral boundary coupling (SBC) method has been adopted (Kida et al. 1991; Yasunaga et al. 2005) . In this method, large-scale modes from the AGCM are combined with small-scale ones from the NHM, using the wave-number decomposition (separation wave number; K b ). The SBC method is applied to the fields of horizontal winds and temperature above a height of 5 km every 20 minutes, and the inverse K b was selected to be about 1000 km. In , the sensitivities of the time-interval and K b were examined.
The SST in the regional climate simulation is the same as that used in the AGCM. Since our goal is to predict regional climate changes during the Baiu season, the NHM is run only in June and July for ten years. In order to avoid the excessive growth of numerical error, the 40-day simulation is a unit of calculation . Namely, two 40-day simulations are conducted for each year (00 UTC on 21 May-00 UTC on 30 June, and 00 UTC on 20 June-00 UTC on 30 July). Further information about the experimental designs is found in Muroi et al. (2004) .
Results and discussion
4.1 Changes in the duration of the Baiu, and the position of the Baiu front in the present and future climate simulations by the 20-km-mesh AGCM At the beginning of this section, the changes in the duration of the Baiu and the position of the Baiu front are presented, according to Kusunoki et al. (2005) . Later, it is examined why the Baiu season is lengthened in the future climate. The outputs of the AGCM are utilized in the present section, since the Baiu duration and the position of the Baiu front, are mainly controlled by large-scale motions. The Asian summer monsoon circulation strongly affects the Baiu front, through the moisture supply to the East Asia (Ninomiya and Kobayashi 1999). Therefore, changes of the Asian summer monsoon circulation are briefly presented in appendix A.
The Global Precipitation Climatology Project (GPCP) is an element of the Global Energy and Water Cycle Experiment (GEWEX) of the World Climate Research program (WCRP). The GPCP has compiled a 2:5 Â 2:5 degree pentad data set, starting in 1979, by merging infrared and microwave satellite estimates of precipitation with rain gauge data from more than 6,000 stations (Huffman et al. 1997) . Figure 3 represents the time-latitude section of the precipitation, averaged from 120 E to 145 E. The precipitation analyzed by the GPCP shows that a Baiu front, with much rainfall, appears late in May at around 25 N, gradually moves north, and disappears late in July (Fig. 3a) . Similar patterns are accurately reproduced in the present climate simulation, although the Baiu period is slightly longer (Fig. 3b) . On the other hand, in the future climate, the Baiu front is located on the north side of that in the present climate early in June, and the northward shift of the Baiu front is obscure (Fig. 3c) . As a result, the Baiu front is located in the future climate on the south side of the Baiu front in the present climate late in July. Moreover, there is precipitation associated with the Baiu front even in August, and the Baiu season does not end in the future climate.
In order to understand the reasons why the Baiu season is lengthened in the future climate, seasonal variations of convective activity over the tropical western Pacific, and the location of Pacific anticyclone are examined. Ueda et al. (1995) and Ueda and Yasunari (1996) utilized the Geostationary Meteorological Satellite (GMS) infrared equivalent blackbody temperature (Tbb), and the European Center for Medium range Weather Forecast (ECMWF) global analyses over a 10-year period. They stressed that an abrupt northward shift of large-scale convective activity over the western Pacific, around 20 N, 150 E in late July, corresponds to the withdrawal of the Baiu season around Japan, through the generation of anticyclonic circulation to the north of the convective active region. It was also pointed out that the convection activity around 20 N, 150 E is related with the higher SST (above 29.5 C) in the area (e.g., Fig. 5a in Ueda and Yasunari 1996) . Figure 4 represents maps of the 10-day mean sea level pressure and precipitation, in the 10-year present climate simulation by the AGCM. Following Ueda et al. (1995) and Ueda and Yasunari (1996) , the focus is on the convective activity in the east of the Philippine Islands (around 125 -150 E), although there is much precipitation in the west of the Philippine Islands (around 15 N, 120 E). A heavy rainfall area is located near the Philippine Islands (around 10 N, 130 E) early in July (Fig. 4d) . The area extends to the east, and shifts to the north in the middle of July (Fig. 4e) . The northward shift of the heavy rainfall area continues late in July, and convective activity around 20 N, 140 E becomes most vigorous (Fig. 4f ) . Following the shift of the heavy rainfall area to the north, and the vigorous convective activity around 20 N, 140 E, the area of Fig. 4 . Maps of 10-day mean sea level pressure (upper panels) and precipitation (lower panels) in the 10-year present climate simulation by the AGCM (left panels, 30 June-9 July; middle panels, 10 July-19 July; right panels, 20 July-29 July).
low sea level pressure extends to the east of the Philippine Islands, down from the China continent, and a Pacific anticyclone moves northward (Figs. 4a, 4b , and 4c). The Japan Islands are covered by a Pacific anticyclone late in July (Fig. 4c) . As a result, the Baiu season ends in late July around Japan in the present climate (Fig. 3b) . These seasonal variations agree with the findings of Ueda et al. (1995) and Ueda and Yasunari (1996) , although the area of vigorous convective activity in the simulation (20 N, 140 E), is located slightly to the west of the position pointed out by Ueda et al. (1995) , and Ueda and Yasunari (1996) (20 N, 150 E) . Figure 5 represents maps of a 10-day mean sea level pressure and precipitation in the 10-year future climate simulation by the AGCM. The heavy rainfall area widely expands over the tropical western Pacific early in July (Fig.  5d) . The northward shift of the heavy rainfall area, as is seen in the present climate simulation, is obscure in middle July (Fig. 5e) , and the area is still located around 15 N, 135 E even late in July (Fig. 5f ). Moreover, convection around 0 N, 150 E is the most active late in July over the tropical western Pacific (Fig. 5f ). Corresponding to the unclear northward shift of the heavy rainfall area, and relatively weak convective activity in the east of the Philippine Islands, the area of low sea level pressure does not extend to the east of the Philippine Islands from the China continent, and the northward shift of the Pacific anticyclone is also unclear (Figs. 5a, 5b, and 5c ). The Pacific anticyclone remains south of the Japan islands late in July (Fig. 5c) . As a result, the Baiu season would continue even in August in the future climate simulation (Fig. 3c) . In 2003, when the duration of the Baiu was longer, similar features seen in Fig. 5 , were observed (not shown). Figure 6 represents maps of the SST utilized in the present and future climate simulations as a lower boundary condition. Higher-SST areas (above 29.5 C) are found around 2 S, 160 E, and the Philippine Islands in June in the present climate (Fig. 6a) . While the higher-SST area around 2 S, 160 E disappears in July, the SST in the east of the Philippine Islands remains higher, and the higher-SST area shifts to the east (Fig. 6b) . The higher-SST area around 18 N, 135 E in July is close to the convective active region (around 20 N, 140 E in Fig. 4f ). Therefore, the higher-SST would make convection active around 20 N, 140 E in the present climate simulation. In the future climate, however, higher-SST areas (above 31.5 C) widely expand from the equator to the Philippine Islands in June (Fig. 6c) . While the SST over the equator remains relatively higher in July, the higher-SST area around the Philippine Islands disappears (Fig. 6d) , which is in contrast to the situation in the present climate (Fig. 6b) . Therefore, it can be thought that convection is not active in the east of the Philippine Islands, because the SST does not become relatively higher around the east of the Philippine Islands in July, in contrast to the results obtained in the present climate. The patterns of the SST utilized in the future climate simulation as a lower boundary condition are similar to the anomaly patterns in El Niñ o (Fig. 1) . The years when convective activity around 20 N, 150 E is weak late in July, correspond to El Niñ o years (e.g., Fig. 5b in Ueda and Yasunari 1996) , which also supports the deduction about the weak activity of convection around 20 N, 140 E in the future climate. The discussions in the present section largely depend on the patterns of the SST change, especially the El Niñ o-like response over the Pacific, simulated by the atmosphere-oceancoupled model, used for the present study. Therefore, if we use a La Niñ a-like SST change pattern, simulated by such a model as MRI-CGCM1 , the duration of the Baiu season might not be lengthened in the future climate, because the signs of the SST anomalies are reversed over the western Pacific region. So far, however, many models projected that the Pacific climate will tend to resemble a more El Niñ o-like state in a future climate (Knutson and Manabe 1995; Mitchell et al. 1995; Meehl and Washington 1996; Timmermann et al. 1999; Boer et al. 2000) , so that we can expect that the lengthened duration of the Baiu season would be robust in the future climate among the ensemble of the present models. Enomoto et al. (2003) proposed a hypothesis, that the Bonin high is formed as a result of the propagation of stationary Rossby waves along the Asian jet in the upper troposphere (''the Silk Road Pattern''). The development of the Bonin high might be associated with the disappearance of the Baiu frontal zone. However, we could not find a pronounced difference in the Silk Road pattern of the present and future climates (not shown).
Changes in the characteristics of the
precipitation during the Baiu season in the present and future climate simulations by the 5-km-mesh NHM This section focuses on the rainfall amounts, and characteristics of the precipitation over East Asia. The outputs of the NHM are utilized for the analysis, because hydrostatic balance cannot be applied to the simulations of severe phenomena like the heavy rainfall. Figure 7 shows the accumulated rainfall amounts and normalized frequencies of the precipitation over the model domain in June and July. Data of the first 10 days and areas within 500 km of the nearest lateral boundary, are excluded in order to remove the influence of the initial and lateral boundary conditions. Although the rainfall amounts in the future climate agree with those in the present climate in June, more rainfall is brought in July in the future climate (Fig. 7a) . Therefore, it is shown that the position of the Baiu front is not simply altered but, rather, that the Baiu front becomes active in July, in the future climate over East Asia.
The normalized frequency of precipitation also shows few differences in June (Fig. 7b) . In July in the future climate, however, the precipitation frequency increases with the intensity of the rainfall. This means that more heavy rainfall events occur in July in the future climate than in the present climate. If the increase of precipitation simply results from the longer duration of the Baiu period, the rate of the increase should be uniform in the intensity of the rainfall. Therefore, the characteristics of precipitation, as well as the increase in amount of rainfall, can be considered to change in July in the future climate. In (a), light and dark gray columns denote the results in the present and future climate simulation, respectively. Vertical lines show ranges within one standard deviation. In (b), the frequency in the future climate simulation is normalized by that in the present climate simulation, and light gray, dark gray, lateral stripe, and vertical stripe columns denote the frequency of precipitation with an intensity of rainfall greater than certain thresholds (1 mm hr À1 , 10 mm hr À1 , 20 mm hr À1 , and 30 mm hr À1 ), respectively. Figure 8 shows maps of stability Àðqye/qpÞ in June and July, evaluated between the surface and 500 hPa level. In June, the pattern of stability in the future climate is quite similar to that in the present climate (Figs. 8a and 8c) . On the other hand, in July, the areas of convectively unstable stratification extend more widely to the north in the future climate, than in the present climate (Figs. 8b and 8d) , which results from the increase of the water vapor in the lower atmosphere . The extended areas of convectively unstable stratification show good correspondence to the pronounced increase of the strong precipitation frequency in July in the future climate (Fig.  7b) .
In order to investigate the typical size of the precipitation systems that bring rainfall over East Asia in June and July, precipitation systems are classified according to the areacoverage of the systems (Fig. 9) . The area of a precipitation system is calculated from aggregates of precipitation grids connecting with each other in north-south or east-west directions. The precipitation grid is defined as the intensity of rainfall greater than 1 mm hr À1 . In this analysis, hourly outputs are used, and the continuity between the outputs is not considered. Precipitation systems within 500 km of the nearest boundary are excluded, in order to remove the influence of the lateral boundary. This method of system identification follows Okumura (2002) .
In June, the number of precipitation systems in the future climate agrees with that in the present climate (Fig. 9a) . In July, however, the climates simulated by the NHM. The stability is evaluated between the surface and 500 hPa level. Unit in K Á (100 hPa) À1 .
number of precipitation systems, with an area larger than 90,000 km 2 in the future climate, pronouncedly increases from that in the present climate, although the number of smaller precipitation systems in the future climate coincides with that in the present climate. Figure  9b shows the contributions from each areacategorized precipitation system to the total rainfall amounts (Fig. 7a) . Precipitation systems with larger area bring more rainfall (Fig.  9b) , and are shown to play the most important role in the rainfall during the Baiu season. With regard to differences between the present and future climates, the contributions from systems with an area larger than 90,000 km 2 to the total rainfall amounts are larger in the future climate than in the present climate, especially in July. These results also support the view that the precipitation characteristics change in July in the future climate over East Asia, and demonstrate that the change in the characteristics mainly results from the activities of precipitation systems with an area larger than 90,000 km 2 in July. In order to examine the most frequent location of large precipitation systems, the model domain is divided into 24 sub-regions (Fig. 10) . Figure 11 shows the number of large precipitation systems in each sub-region. The precipitation systems are most frequently found in the B1, B3, and B4 regions in June in the present climate, and the number of precipitation systems becomes the largest in the C3 region in July. Although similar variations between June and July are also found in the future climate, the precipitation systems in the B3 and B4 regions do not decrease in July as much as those in the present climate. This result has good correspondence with that of Yoshizaki et al. (2005) , showing that the precipitation in the vicinity of Kyushu Island pronouncedly increases. tems with a certain horizontal area, and (b) ratios of the rainfall amounts brought by precipitation systems with a certain horizontal area to the total rainfall amounts in June and July simulated by the NHM. In (a), the number of precipitation systems in the future climate simulation is normalized by that in the present climate simulation, and light gray, dark gray, lateral stripe, vertical stripe, and slanting stripe columns denote the normalized number of all precipitation systems and systems with an area of 0-400 km 2 , 400-10000 km 2 , 10000-90000 km 2 , and 90000-km 2 , respectively. In (b), light gray, dark gray, lateral stripe, and vertical stripe columns also show the ratios of the rainfall amounts from precipitation systems with an area of 0-400 km 2 , 400-10000 km 2 , 10000-90000 km 2 , and 90000-km 2 , respectively. Figure 12 represents a typical precipitation system, with an area larger than 90,000 km 2 passing through the C3 region in July in the present climate simulation. A system appears around 31 N, 120 E at 02 UTC on 3 July (Fig.  12a) . The system moves in the north-east direction, and is located around 33 N, 123 E at 14 UTC (Fig. 12b) . The system lands on the Korean Peninsula, and develops at 02 UTC on 4 July (Fig. 12c) . Subsequently, it weakens over the Japan Sea (around 40 N, 132 E) at 14 UTC (Fig. 12d) . Many precipitation systems in July in the present climate move northeastward from the China continent, as seen in Fig. 12 . The Pacific anticyclone extending to Kyushu Island is likely to obstruct the systems moving to the east (Figs. 4 and 12) . Figure 13 represents a typical precipitation system with an area larger than 90,000 km 2 passing through the B3 and B4 regions in July in the future climate simulation. It should be noted that the time interval between the panels (24 hours) is longer than that in Fig. 12 (12  hours) . A system appears around 32 N, 121 E at 00 UTC on 7 July (Fig. 13a) . The system moves in the east direction, and is located around 34 N, 127 E at 00 UTC on 8 July (Fig.  13b) . The system lands on Kyushu Island, and the area widely expands at 00 UTC on 9 July (Fig. 13c) . Subsequently, it passes over the main island of Japan at 00 UTC on 10 July, forming a new system on the west of Kyushu Island (Fig. 13d) .
In July, the coverage per precipitation system, with an area larger than 90,000 km 2 increases, and the moving speed is slower in the future climate than in the present climate, as seen in Figs. 12 and 13. Takeda (1989, 1993) pointed out that a new cumulonimbus-cloud (Cb) group, whose diameter were less than 50 km, formed to the west side of a pre-existing eastward-moving one, and that the replacement of the Cb group occurred several times in the stationary or slow-moving meso-a scale cloud cluster. It was also indicated that Cb groups moved slowly before the appearance of a new Cb group to the west side. The west-side-replacement, and slower move- Fig. 11 . Number of precipitation systems with an area larger than 90,000 km 2 in each sub-region (Fig. 10) . Light gray and dark gray columns denote the number in June in the present and future climates simulated by the NHM, respectively. Lateral stripe and vertical stripe columns also represent the number in July in the present and future climates, respectively. ment of Cb groups, are more often seen in the future climate than in the present climate, which would result in the decreased traveling speed of the precipitation systems in the future climate. In order to investigate the fine structure and movement of the precipitation systems of the present and future climates in detail, we are planning to conduct simulations over Kyushu Island, and the East China Sea by the 1-km-mesh NHM.
New systems forming behind the previous system are more frequently seen over Kyushu Island in July in the future climate, than in the present climate (e.g., Fig. 13d ). The decreased traveling speed and subsequent arrival of precipitation systems would bring a significant amount of rainfall over Kyushu Island in the future climate .
Precipitation systems, with an area larger than 90,000 km 2 , are classified into subsynoptic or meso-a-scale precipitation systems, which are associated with relevant cyclonic circulation systems (Akiyama 1978 (Akiyama , 1989 (Akiyama , 1990a (Akiyama , 1990b Ninomiya and Shibagaki 2003) . The baroclinicity is deeply connected with the development of cyclonic circulation systems, as well as condensation heating (Tokioka 1973; Ninomiya and Shibagaki 2003; Yanase and Niino 2004) . The baroclinicity during the Baiu season is measured by the northward gradient of the equivalent potential temperature and not by the temperature, because the sub-synoptic or meso-a-scale precipitation systems are confined within the nearly saturated zone. Figure 14 shows the distributions of the north-south gradient of the monthly mean equivalent potential temperature at the 850 hPa level. The baroclinicity is stronger in Fig. 12 . Rainfall patterns from a typical precipitation system with an area larger than 90,000 km 2 passing through the C3 region (Fig. 10) in July in the present climate simulated by the NHM (gray-shaded). Contours represent sea level pressure. The time interval between the panels is 12 hours.
June than in July, in both the present and the future climates, which is consistent with the result that precipitation systems with an area larger than 90,000 km 2 , make a larger contribution to the total rainfall amounts in June than in July (Figs. 7a and 9b) . Furthermore, in July, the north-south gradient of the equivalent potential temperature is steeper over the East China Sea, and around the west of the Japan Sea in the future climate, than in the present climate (Figs. 14b and 14d) . Generally speaking, precipitation is brought in the south-east part of a depression (e.g., Figs. 12 and 13) . Therefore, it would appear that the region of stronger baroclinicity in July in the future climate (the East China Sea and the west of the Japan Sea), corresponds well to the region where precipitation systems with an area larger than 90,000 km 2 frequently develop in the future climate (the B3 and B4 regions in Fig. 11 ), although the former region is located slightly to the north of the latter region. Changes in the characteristics of the precipitation during the Baiu season were statistically investigated in the present study, and it was shown that the activity of large precipitation systems is mainly responsible for the heavy rainfall in the future climate. From the point of view of serious disasters, which directly affect living circumstances over a limited area, however, it is important that the structures and development of large systems in the future climate are examined in detail. Wakazuki et al. (2005) investigates the statistical vertical structures, and diabatic heating profiles in large precipitation systems in the future climate, and compares the results with those obtained in the theoretical researches. Kanada 
Summary and conclusions
Our previous papers showed that the Baiu season continues even in August in the future climate , and that the precipitation during the Baiu season increases over the southern Japan Islands in the future climate ). The present study focuses on the lengthened duration of the Baiu, and the characteristics of the precipitation during the Baiu season in the future climate, making use of super-high-resolution global, and cloud-resolving regional climate models (20-km-mesh AGCM and 5-km-mesh NHM). First, 10-year global-scale simulations of the present and future climates were conducted by the AGCM. Second, regional climate simulations were conducted in June and July for ten years by the NHM, without convective parameterization in a one-way nesting manner, using the outputs of the AGCM as the initial and lateral boundaries. The duration of the Baiu, and the position of the Baiu front, are mainly controlled by large-scale motions, and their changes are investigated by the outputs of the AGCM. On the other hand, the precipitation characteristics are examined by the outputs of the NHM.
The SST, which is given the AGCM as a lower boundary condition, is not high in the east of the Philippine Islands, and convection there does not become active in late July in the future climate, in contrast to the case of the present climate. As a result, the Pacific anticyclone remains south of Japan even in late July, and the Baiu season would continue even in August, in the future climate simulation . While the rainfall amounts are not different in June between the present and future climates, there is more rainfall in July in the future climate. Moreover, the frequency of precipitation greatly increases with the intensity of rainfall in July in the future climate simulation, which corresponds to the more unstable stratification in the future climate than in the present climate. Yoshizaki et al. (2005) pointed out that precipitation during the Baiu season increases over the southern Japan islands, which is associated with the more vigorous activity of the Baiu front in July in the future climate. Furthermore, the pronounced increases in the frequency of occurrence of heavy rainfall greater than 30 mm h À1 over the Japan Islands, which is also stressed by Yoshizaki et al. (2005) , do not result from the longer duration of the Baiu, but, rather, from the changes in characteristics of the precipitation over East Asia.
In order to investigate the typical size of the precipitation systems that bring rainfall during the Baiu season, precipitation systems are classified according to the area-coverage of systems. A precipitation system, with an area larger than 90,000 km 2 , is more frequently seen in July in the future climate than in the present climate, which corresponds to the larger amount of rainfall in July in the future climate. The increase of the large system is most remarkable around Kyushu Island, and the baroclinicity is stronger there in the future climate.
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Appendix A Changes in the Asian summer monsoon
In appendix A, changes of the Asian summer monsoon circulation in the future climate are briefly presented, and compared with those obtained in previous works. present climate simulation, and the change of the moisture flux in the future climate. In the present climate, the westerly moisture transport is dominant over the Indian subcontinent and the Bay of Bengal, and extends into the Philippine Islands. The clockwise moisture transport is found over East Asia. In the future climate, both moisture flux over the Indian summer monsoon region, and anti-cyclonic moisture transport over East Asia are intensified. The former is caused by the increase of water vapor, and the latter results from the change of the wind field . Patterns of the moisture flux changes in our model are similar to those presented in May (2004) (Fig. 8 in May 2004 ). Moisture flux is mainly controlled by water vapor and horizontal wind at the lower level. At 850 hPa level, the anti-cyclonic circulation is strengthened over East Asia, although the westerly wind is weakened around the Indian summer monsoon region (not shown). The strengthened anti-cyclonic circulation over East Asia can be also seen in Hu et al. (2000) (Fig. 1 in Hu et al. 2000) and May (2004) (Fig. 1 in May 2004 ). Ashrit et al. (2003) showed the weakened westerly flow around the Indian summer monsoon region in the future climate ( Fig. 7 in Ashrit et al. 2003) , which contrasts to the unchanged westerly in May (2004) (Fig. 1 in May 2004 ) and the intensified westerly in Hu et al. (2000) (Fig. 1 in Hu et al. 2000) .
Figure A-2 shows 3-month mean horizontal wind at the 200 hPa level in the 10-year present climate simulation, and the change of the wind field in the future climate. In the present climate, the subtropical westerly jet and tropical easterly jet are found. In the future climate, the increase of the geopotential height is greater in the lower latitude. The subtropical westerly jet shift to the south and intensified (around 35 N, 120 E), while the tropical easterly jet is weakened. The anti-cyclonic circulation is strengthened at the 200 hPa level over East Asia (around 25 N, 130 E). The similar changes of the subtropical westerly jet, and tropical easterly jet at 200 hPa level are also indicated in May (2004) , although the strengthened anti-cyclonic flow is obscured ( Fig. 1 in May 2004 ). 
